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Significance

Human bocavirus 1 (HBoV1), an 
autonomously replicating human 
parvovirus, is a human pathogen 
that causes lower respiratory tract 
infections in young children. 
HBoV1 expresses a small 
noncoding RNA (sncRNA), named 
bocavirus- encoded small RNA 
(BocaSR), which is the first 
reported RNA polymerase (Pol) 
III–transcribed viral sncRNA in 
small DNA viruses that do not 
encode a viral DNA Pol. BocaSR is 
N6- methyladenosine (m6A)- 
modified at multiple sites, which 
mediates BocaSR to recruit two 
Y- family DNA repair Pols, Pol η and 
Pol κ, to the viral DNA replication 
origin (Ori) through a direct 
interaction. Thus, we elucidated a 
viral DNA replication mechanism, 
in which a viral sncRNA utilizes 
m6A modification to direct DNA 
repair DNA Pols to the viral Ori for 
viral DNA replication.
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Human bocavirus 1 (HBoV1) is a human parvovirus that causes lower respiratory 
tract infections in young children. It contains a single- stranded (ss) DNA genome 
of ~5.5 kb that encodes a small noncoding RNA of 140 nucleotides known as 
bocavirus- encoded small RNA (BocaSR), in addition to viral proteins. Here, we 
determined the secondary structure of BocaSR in vivo by using DMS- MaPseq. Our 
findings reveal that BocaSR undergoes N6- methyladenosine (m6A) modification at 
multiple sites, which is critical for viral DNA replication in both dividing HEK293 
cells and nondividing cells of the human airway epithelium. Mechanistically, we 
found that m6A- modified BocaSR serves as a mediator for recruiting Y- family DNA 
repair DNA polymerase (Pol) η and Pol κ likely through a direct interaction between 
BocaSR and the viral DNA replication origin at the right terminus of the viral 
genome. Thus, this report represents direct involvement of a viral small noncoding 
RNA in viral DNA replication through m6A modification.

m6A modification | viral noncoding RNA | parvovirus | DNA replication

Human bocavirus 1 (HBoV1) is an emerging human pathogen that affects the lower 
respiratory tract, especially in children under 5 y old worldwide (1, 2). In infants, severe 
HBoV1 infection can progress to bronchopneumonia and bronchiolitis, with common 
clinical symptoms including coughing, wheezing, and fever (1–3). HBoV1 is an autono-
mously replicating parvovirus, belonging to Primate bocaparvovirus 1 in the genus 
Bocaparvovirus of the family Parvoviridae (4). It consists of a single- stranded DNA (ssDNA) 
genome of 5,543 nucleotides (nts), which is flanked by two terminal palindromic sequences, 
the left- end hairpin (LEH) and the right- end hairpin (REH) (5). These hairpin structures 
contain cis signals for viral DNA replication and genome packaging (5, 6). The HBoV1 
genome encodes five nonstructural proteins (NS1- 4 and NP1) and three structural capsid 
proteins (VP1, VP2, and VP3). These proteins are expressed from the viral mRNA tran-
scripts that are alternatively spliced and polyadenylated from a single precursor mRNA 
(pre- mRNA) (7–9). Notably, HBoV1 transcribes a small noncoding RNA (sncRNA) of 
140 nt from the noncoding region (NCR) at the 3′ end of the genome, using an intragenic 
RNA polymerase III (Pol III) (10). This sncRNA was named bocavirus- encoded small 
RNA (BocaSR). While NS1 and NP1 are essential for viral DNA replication (5, 8, 11), 
BocaSR also plays a crucial role in viral DNA replication in both dividing human embryonic 
kidney (HEK) 293 cells transfected with a duplex HBoV1 genome and nondividing cells 
of the well- differentiated human airway epithelium (HAE) infected with HBoV1 (10).

BocaSR represents the first RNA Pol III–transcribed RNA discovered among small 
DNA viruses that do not express a viral DNA Pol, including papillomaviruses, polyo-
maviruses, circoviruses, and parvoviruses (12). It represents a novel RNA Pol III–tran-
scribed virus- encoded sncRNA, alongside the adenovirus (Ad)- associated (VA) RNAs 
(VA RNAI and VA RNAII) (13) and Epstein–Barr virus (EBV)- encoded small RNAs 
(EBER1 and EBER2) (14). VA RNAs are transcribed in the nucleus and exported to 
the cytoplasm (13), where they interact with the dsRNA- activated protein kinase R 
(PKR) to inhibit PKR activation and subsequent phosphorylation of eukaryotic initiation 
factor 2 (eIF2α) (15). EBERs are located primarily in the nucleus (16). EBER1 binds 
to La protein, the ribosomal protein L22, and AU- rich element- binding factor 1 [AUF1/
heterogeneous nuclear ribonucleoprotein D (hnRNPD)] (12). EBER2 interacts with 
nascent transcripts from the terminal repeats (TRs) of the EBV genome and recruits 
transcription factor PAX5 to the TRs to facilitate EBV lytic replication (17). While the 
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sequence and putative secondary structure of BocaSR share sig-
nificant similarity with the VA RNAI, it does not inhibit PKR 
phosphorylation. Instead, BocaSR more closely resembles the 
nuclear localization of EBER2 (10).

Modified nucleotides within cellular RNAs were discovered in 
the 1960s. Up to date, more than 100 known RNA chemical mod-
ifications have been identified (18), including N6- methyladenosine 
(m6A), 5- methylcytosine (m5C), N7- methylguanosine (m7G), 
8- Oxoguanine (o8G), and pseudouridine (Ψ) (19–23). These mod-
ifications have been proven to be present not only in cellular ncR-
NAs but also in viral mRNAs, regulating diverse aspects of RNA 
metabolism (19, 20, 24, 25). Notably, while EBER2 is not modi-
fied, EBER1 possesses a m5C modification; however, the m5C 
modification of EBER1 is not required for viral lytic replication 
(26). Among these RNA modifications, m6A is the most abundant 
internal modification, which contributes to various steps of RNA 
metabolism (27, 28). Recently, RNA m6A modification has been 
reported to be involved in recruiting Y- family DNA repair DNA 
Pol κ to facilitate DNA repair and promote cell survival during 
ultraviolet irradiation (UV)- induced DNA damage response 
(DDR) (29). Notably, we have previously demonstrated that DNA 
Pol η and Pol κ are essential for HBoV1 DNA replication in both 
dividing HEK293 cells and the nondividing cells of HAE (30, 31).

In this study, we aimed to elucidate the mechanism underlying 
the requirement of BocaSR in HBoV1 DNA replication. We first 
determined and validated the in vivo secondary structure of 
BocaSR in HBoV1- infected HAE using dimethyl sulfate (DMS)-  
mutational profiling with sequencing (MaPseq). Our findings 
revealed that BocaSR is m6A- modified at multiple sites, which 
colocalizes with DNA Pol η and Pol κ. Most importantly, we 
uncovered that BocaSR interacts with a region of DNA spanning 
the viral DNA replication origin (Ori) at the REH in vitro. This 
interaction likely allows the m6A- modified BocaSR to act as a 
signal to recruit DNA Pol η and Pol κ to the viral Ori, thereby 
enhancing the DNA replication of HBoV1 in host cells.

Results

Determination of the In  Vivo Structure of BocaSR in HBoV1- 
Infected Cells. To understand the role of BocaSR in HBoV1 DNA 
replication, we aimed to reveal the secondary structure of BocaSR, 
in vivo, during infection. To this end, we used DMS- MaPseq to 
probe the in vivo secondary structures of BocaSR in HBoV1- infected 
HAE cultured at an air–liquid interface (HAE- ALI) (32–34) (Fig. 1 
A–D). DMS is a cell- permeable methylation reagent that reacts 
with RNA nucleobases and provides base pair information on the 

Fig. 1.   Determination of the secondary structures of BocaSR in HBoV1- infected primary HAE- ALI. DMS was complemented in the medium of HBoV1- infected 
HAE- ALI cells before the extraction of total RNA and DMS- MaPseq. (A) Experiment procedures. The pipeline of in vivo DMS- MaPseq is outlined. (B) Arc plot of the 
most probable base- pairing pattern in BocaSR based on in- cell DMS- MaPseq data. The base pair probability is represented in green (80 to 100%), blue (30 to 
80%), yellow (10 to 30%), or gray (<10%). (C) Histogram profile depicting DMS reactivity of BocaSR in HBoV1- infected primary HAE- ALI cells. The nucleotides and 
numbering across the x axis represent the sequence of BocaSR. Highly reactive nucleotides are depicted in red, medium in orange, and low in black. Regions 
that do not contain structural information are colored in gray. Error bars indicate SD from duplicate experiments. (D) Detection of the mutation rate in BocaSR. 
Mutation rates for BocaSR extracted from DMS- treated and untreated cells are plotted to the BocaSR sequence. (E) Determined in vivo BocaSR structure. The 
BocaSR secondary structure was generated by the ShapeMapper2 (35). A high normalized DMS activities (ΔnDMS) score indicates high DMS accessibility and 
low base pair probability. No data were used for G, U, and primer binding regions. Nucleotides of the BocaSR sequence are shown. Determined stems, central 
domain, and loops structures are indicated.
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nucleotides adenine (A) and cytosine (C). Because unpaired ssRNA 
regions are more accessible to DMS modifications, DMS reactivities 
can be used to deconvolute RNA secondary and tertiary structures 
(33). Briefly, we treated HBoV1- infected HAE- ALI with DMS, 
extracted the total RNA, and used an established sequencing- based 
mutational profiling (MaP) approach to quantify DMS reactivities at 
a single nucleotide resolution (34). We specifically used an integrated 
analytical pipeline, ShapeMapper2 (35), for MaP and to assemble 
the most probable RNA structures by matching DMS activities 
and Shannon entropy analysis using SuperFold (36). A single stable 
BocaSR conformation was observed with stem- loop structures in 
infected HAE- ALI (Fig. 1E). Antisense oligonucleotides (ASOs) are 
able to change the functions and structures of the target RNA or 
mask the recruitment of RNA- binding proteins by forming Watson 
base pairs (37). To validate the function of the MaPseq determined 
in vivo structure, stems and loops, of BocaSR, ASOs targeting the 
stems and loops (SI Appendix, Fig. S1A) were applied to HEK293 
cells before transfection of pIHBoV1, an infectious clone of HBoV1. 
pIHBoV1 replicates in HEK293 cells and produces progeny virions 
that are infectious to HAE- ALI (5). At 48 h posttransfection (hpt), 
replication of HBoV1 DNA was analyzed by Southern blotting, 
and the data showed that the ASOs targeting the loops I and IV 
(SI Appendix, Fig. S1A, ASO- 1 and ASO- 2) significantly inhibited 
viral DNA replication in a dose- dependent manner (SI Appendix, 
Fig. S1B, lanes 4 to 8 and 9 to 13, and SI Appendix, Fig. S1C). 
The replication of HBoV1 DNA was completely abolished with the 
addition of ASO- 1 at 100 µM and ASO- 2 at 10 µM, indicating the 
essential role of loops I and IV in virus replication. However, the 
control ASOs (ASOCtrl1, ASOCtrl2, and ASOCtrl3) targeting the stems 
(SI Appendix, Fig. S1A) did not inhibit HBoV1 DNA replication 
even at 100 µM (SI Appendix, Fig. S2 A and B, lanes 5, 7, and 9).

Taken together, we determined the in vivo structure of BocaSR 
and demonstrated the differential functions of the stem and loop 
structures of BocaSR in viral genome replication.

The Primary Modification of BocaSR Is m6A- modified. Transcribed 
by an intragenic RNA Pol III promoter, BocaSR shares similarities 
with transfer (t)RNAs in secondary structure (10, 38), yet its 
nuclear localization and the role in viral replication resemble 
those of EBERs. While tRNAs contain the largest numbers of 
modifications (39), EBER1 was found to carry a m5C modification 
(26). Thus, we screened RNA modifications (m6A, m5C, m7G, 
o8G, and Ψ) in BocaSR extracted from pIHBoV1- transfected 
HEK293 cells and HBoV1- infected HAE- ALI by using methylated 
RNA immunoprecipitation (MeRIP)- qPCR. The data revealed that 
BocaSR was highly m6A- modified in HEK293 cells (Fig. 2A, m6A 
= 99.998%, vs other modifications in Fig. 2 B–E, m5C = 1.427%, 
m7G = 10.136%, o8G = 0.259%, and Ψ = 9.107%), as well as in 
HBoV1- infected HAE- ALI (Fig. 2F, m6A = 99.782%).

To further validate the m6A modification of BocaSR, we used a 
PLA, in which BocaSR was recognized by four biotin- labeled oligo 
probes in an RNA fluorescence in situ hybridization (FISH), and 
the m6A modification was detected with an anti- m6A antibody. 
The specificity of the BocaSR FISH has been confirmed previously 
(10). Positively amplified fluorescent signals (Fig. 2 G and H, green) 
were detected in both pIHBoV1- transfected HEK293 cells and 
HBoV1- infected HAE- ALI, but not in mock- infected HAE- ALI 
cultures, indicating the colocalization of m6A and BocaSR. The 
vanishment of the amplified signals in both transfected/infected 
cells treated with RNase A (Fig. 2 G and H, RNase A+) further 
confirmed the m6A modification in BocaSR.

Taken all these data together, we evidenced that HBoV1 
BocaSR was m6A- modified in both HBoV1 DNA replication 
and infection systems.

Silencing of m6A Processing Genes Inhibits HBoV1 DNA Replication. 
Because methyltransferases deposit m6A to RNAs in the nucleus 
(40), we first examined the role of m6A “Writer” methyltransferases, 
METTL3 (methyltransferase 3), METTL4, METTL14, and 
METTL16 (41), in HBoV1 DNA replication. We used Writer- 
specific shRNA- expressing lentiviral vectors to respectively silence 
each of the Writer genes in HEK293 cells (Fig.  3A), followed 
by transfection of pIHBoV1. At 2 d posttransfection (dpt), the 
cells were lysed, and the lower molecular weight (Hirt) DNA was 
extracted for Southern blotting (Fig. 3B). Quantification of the 
monomeric replicated form (mRF) DNA showed that viral DNA 
replication was inhibited by ~80% in the four m6A Writer- silenced 
cell lines (Fig. 3B, lanes 4 to 7 and Fig. 3C), compared with that 
in the scramble shRNA (shScram)- expressing cells (Fig. 3B, lane 
3). As controls, in the four m6A Writer- silenced cell lines, BocaSR 
was m6A- modified at significantly lower levels, compared with 
that in the Scram control cells (SI Appendix, Fig. S3). Next, we 
silenced the genes encoded m6A “Reader,” YT521- B homology 
(YTH) domain family of proteins (42), YTHDF1, YTHDC1, 
YTHDF2, and YTHDF3 (SI Appendix, Fig. S4A), and observed 
decreased viral DNA replication by 80 to 95% in each gene- silenced 
cell line (SI Appendix, Fig. S4 B and C).

Collectively, these results confirmed that m6A modification 
had a critical effect on HBoV1 DNA replication. Silencing of 
the METTL3 (Writer) and the YTHDC1 (Reader) led to sub-
stantial reductions of ~80% and ~95%, respectively, in HBoV1 
DNA replication, representing the most significant effects among 
the tested Writer and Reader genes.

BocaSR m6A Modification Is Critical for HBoV1 DNA Replication. 
Now that we confirmed BocaSR is highly m6A methylated and 
m6A modification plays an important role in HBoV1 DNA 
replication, we further mutated the potentially modified adenosine 
(A) sites of BocaSR to determine whether such mutations 
functionally impact viral DNA replication. To maintain and ensure 
the secondary structure is unchanged, we mutated the predicted 
modified A sites to guanine (G) in BocaSR (SI Appendix, Fig. S5) 
(43). These sites are consistent with the m6A- conserved purine 
(G>A) m6AC(A/C/U) motif (44) or the sequence- based RNA 
Adenosine Methylation site Predictor (SRAMP) (45). The M- 
fold (46) and Kinefold (47) predictions showed these mutations 
retain the secondary structure of BocaSR (SI Appendix, Fig. S5, 
D–H vs. A). Two BocaSR mutants that had random mutations 
on A, which are not predicted to be m6A- modified, were used as 
controls (SI Appendix, Fig. S5 B and C). These BocaSR- mutated 
pIHBoV1 mutants were transfected into HEK293 cells to test 
their DNA replication. The data showed that the efficiency of 
HBoV1 DNA replication was significantly decreased in the cells 
expressing the m6A- depleted BocaSR (Fig. 4A, lanes 5 to 9 vs. 2),  
which had the lowest level (5%) of viral DNA replication in 
the combined m6A- depleted BocaSR- expressing cells (Fig. 4A, 
lane 8 and Fig. 4B, M4). For controls, the mutants with random 
mutations showed no significant difference in HBoV1 DNA 
replication (SI Appendix, Fig. S6).

As the function of m6A is mediated by m6A processing proteins 
(48), we then investigated whether these proteins directly bound  
to BocaSR. To this end, we conducted RNA pulldown experi-
ments with the lysates of p3Z- BocaSR- , p3Z- BocaSRCtrl1- , and p3Z-  
BocaSRM4- transfected HEK293 cells using an anti- m6A antibody. 
The data showed that m6A Writers, METTL3 and METTL14, 
“Eraser” FTO (alpha- ketoglutarate dependent dioxygenase FTO), 
and Reader YTHDC1 were pulled down in the lysates of BocaSR-  
and BocaSRCtrl1- expressing cells (SI Appendix, Fig. S7, lanes 3 and 
4), but not in the lysate of BocaSRM4- expressing cells (SI Appendix, 
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Fig. S7, lane 5), confirming the interaction between BocaSR and 
the m6A processing proteins. The levels of BocaSR were confirmed 
by a BocaSR- specific reverse transcription- quantitative (RT- q) 
PCR assay. There were no significant differences in the total expres-
sion levels of BocaSR and its mutants in the cell lysates before the 
pulldown (SI Appendix, Fig. S7B), but a significant decrease in 
the pulldown BocaSRM4 from the lysate of BocaSRM4- expressing 
cells, compared with that from the lysates of BocaSR-  or 
BocaSRCtrl1- expressing cells (SI Appendix, Fig. S7C). To confirm 
the interaction of BocaSR with the m6A Writer, Eraser, and Reader, 
we carried out reverse pulldown assays using anti- METTL3, 
anti- FTO, and anti- YTHDC1 antibodies, respectively. The results 
showed that while BocaSR was efficiently pulled down, significantly 

less BocaSRM4 (>10- fold) was captured by these antibodies 
(SI Appendix, Fig. S8).

These results combined demonstrated that BocaSR was meth-
ylated at N6 of eight A sites (nt18, 39, 67, 70, 92, 102, 111, and 
122) and that m6A Writers (METTL3, METTL14, and 
METTL16), Eraser (FTO), and Reader (YTHDC1) were com-
plexed with BocaSR.

BocaSR m6A- Depleted HBoV1 Mutants Are Replication- 
Defective in the Human Airway Epithelium. Next, we examined 
the replication of BocaSR m6A- depleted HBoV1 (virus) 
mutants in polarized HAE- ALI cultures, which is an in vitro 
virus infection model mimicking virus infection of human 

Fig. 2.   BocaSR carries N6- methylated adenosines. (A–F) Methylated RNA immunoprecipitation–qPCR (MeRIP- qPCR). Total RNA of pIHBoV1 transfected HEK293 
cells was prepared at 3 dpt (A–E). Total RNA of mock-  and HBoV1- infected HAE ALI was prepared at 28 dpi (F). The RNA modifications existed in BocaSR were 
screened by using a BocaSR- specific MeRIP- qPCR, including N6- methyladenosine (m6A, A and F), 5- methylcytosine (m5C, B), N7- methylguanosine (m7G, C), 
8- oxoguanine (o8G, D), and pseudouridine (Ψ, E). Data shown are percentages of MeRIP/input in pIHBoV1- transfected HEK293 cells vs mock- transfected cells 
(A–E) or HBoV1- infected HAE- ALI vs. mock- infected cultures (F), and were obtained from three different repeats. (G and H) Proximity ligation assay (PLA). HEK293 
cells transfected with pIHBoV1 or mock- transfected were cytospun onto slide at 3 dpt (G). Cells of the HAE- ALI cultures infected with HBoV1 or mock- infected 
were cytospun onto slide at 16 dpi (H). After fixation and permeabilization, BocaSR was detected by biotin- labeled probes, followed by costaining with a rabbit 
anti- m6A and a mouse anti- biotin antibody for PLA. The amplified signals were visualized under a Leica TCS SP8 STED 3× super- resolution microscope. Nuclei 
were stained with DAPI. RNase A- treated transfected or infected cells were used as control. (Scale bar, 10 µm.)
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airways (1, 2, 5, 49). The pIHBoV1 derivatives containing 
various m6A- depletions in BocaSR were transfected into 
HEK293 cells to generate m6A- depleted HBoV1 mutants. As 
expected, the mutant titers were decreased (Fig. 5A), especially 
in HBoV1m6AM4, which was consistent with the results from 
the pIHBoV1m6AM4- transfected HEK293 cells (Fig. 4A, lane 
8). The mutants were used to infect HAE- ALI at a multiplicity 
of infection (MOI) of 100 DNase I digestion- resistant particles 
(DRP)/cell, along with the wild- type (WT) HBoV1 as control. 
During a period of 16 d postinfection (dpi), apical washes 
were collected for quantification of progeny virions released 
using qPCR at an interval of 2 d. Starting from 6 dpi, the 
levels of the apical virus released from the infections of HBoV1 
mutants (M1 to M5) were significantly lower than those from 
WT HBoV1 (Fig. 5B, M1 to M5 vs. HBoV1 and Ctrls). The 
mutant HBoV1m6AM4 demonstrated the lowest replication 
efficiency with a titer ~6- log lower than WT. Because HBoV1 
infection in HAE- ALI induces epithelial barrier dysfunction 
(5, 31), we determined the barrier function of the infected 
HAE by assessing the transepithelial electrical resistance 
(TEER) of the ALI cultures. The data showed that the TEER 
of the HBoV1m6AM4- infected HAE- ALI was similar to the 

mock- infected control (Fig. 5C), and no significant dissociation 
of the tight junction (ZO- 1 staining) or loss of cilia (β- tubulin 
IV staining) was found in HBoV1m6AM4- infected HAE- ALI 
(Fig. 5 D and E, M4 vs. Mock). The controls HBoV1m6ACtrl1 
and HBoV1m6ACtrl2 did not behave any different regarding 
virus titer, apical virus release, TEER, and staining of ZO- 1 or 
β- tubulin IV, compared with the WT HBoV1 (Fig. 5, Ctrl1 
and 2 vs. WT).

Collectively, these results demonstrated that depletion of m6A 
modification of BocaSR significantly reduced the infectivity and 
replication efficiency of the virus, as well as the airway epithelial 
barrier dysfunction caused during virus infection.

METTL3 Colocalizes with BocaSR and Facilitates HBoV1 
Replication in the HBoV1- Infected Human Airway Epithelium. 
We further confirmed the colocalization of BocaSR and METTL3, 
the major BocaSR Writer in the m6A methyltransferase complex, 
in HBoV1- infected HAE- ALI using RNA fluorescence in  situ 
hybridization (FISH) assay (Fig. 6A). This colocalization was also 
confirmed by proximity ligation assay (PLA) (Fig. 6B), as evidenced 
by the amplified fluorescent signals in HBoV1- infected cells but 
not in mock- infected cells. Next, we validated the functional 
involvement of the METTL3 in HBoV1 replication in HAE- 
ALI. We used an immortalized human airway epithelial cell line, 
CuFi- 8 (50), to establish a single cell- derived METTL3 knockout 
(KO) cell line (CuFiMETTL3KO) and generated a lentivirus expressing 
a codon- optimized (opt)METTL3 for functional complementation 
of METTL3 in the CuFiMETTL3KO cell line. After western blotting 
confirmed the METTL3 KO and complementation of METTL3 
from lentiviral vector transduction (Fig. 6C, lanes 3 and 5 vs. 2), we 
differentiated the CuFiMETTL3KO cells and the control counterpart 
cell line CuFiSsgRNA at an ALI. These ALI cultures were infected with 
WT HBoV1, followed by determination of apical virus releases and 
TEER every 2 d. At 16 dpi, HAE- ALIMETTL3KO released virions at 
~3 log less than that from the apical side, compared to the control 
(HAE- ALISsgRNA) (Fig. 6D). HAE- ALIMETTL3KO exhibited reduced 
infection- dependent barrier dysfunction (Fig. 6E). Importantly, the 
complementation of optMETTL3 restored the apical virus release 
(Fig. 6D, HAE- ALIMETTL3KO+optMETTL3) and the airway epithelial 
damage, as determined by the disruption of TEER in METTL3- 
complemented HAE- ALI (Fig. 6E, HAE- ALIMETTL3KO+optMETTL3).

Collectively, these data confirmed the importance of m6A 
Writer METTL3 in HBoV1 replication of infected HAE- ALI.

m6A Modification Confers BocaSR to Recruit Y- Family DNA 
Polymerases. It was previously reported that m6A–RNA–
METTL3 complex recruits DNA Pol κ to repair UV- damaged 
DNA (29). In our previous work, we demonstrated that HBoV1 
utilizes Y- family DNA repair DNA Pol η and Pol κ for viral 
DNA replication (30, 31) and BocaSR localizes to the HBoV1 
DNA replication centers (10). We hypothesized that the m6A 
methylation of BocaSR plays a crucial role in the recruitment of 
DNA Pol η and Pol κ to the HBoV1 DNA replication centers.

We next examined the colocalization of BocaSR with Pol η and 
Pol κ. As detected by FISH, BocaSR colocalized with both Pol η and 
Pol κ in the cells of HBoV1- infected HAE- ALI but not in 
HBoV1m6AM4 or mock- infected cells (Fig. 7 A and B). Moreover, in 
the experiments conducted in HEK293 cells transfected with 
p3Z- BocaSR or p3Z- BosaSRM4, the colocalization of BocaSR with 
both Pol η and Pol κ was only detected in WT BocaSR- expressing 
cells, but not in mutant BocaSRM4- expressing cells (Fig. 7 C and D). 
The colocalization of BocaSR with Pol η and Pol κ was further 
confirmed by a PLA assay in HBoV1- infected HAE- ALI (Fig. 7 E 
and F).

Fig. 3.   Silencing of endogenous m6A Writer genes diminishes HBoV1 DNA 
replication. (A) Western blotting. In HEK293 cells, the m6A Writer genes, METTL3, 
METTL14, METTL4, and METTL16, were knocked down, using shRNA- expressing 
lentiviral vectors. shScram was used as a control. After the establishment of 
the cell lines, the cells were harvested for western blotting of Writer gene 
expression. β- actin was probed as a loading control. (B) Southern blotting. 
The established cell lines were transfected with pIHBoV1. At 2 dpt, cells were 
harvested for Hirt DNA preparation. The Hirt DNA was digested with DpnI and 
resolved in 0.9% agarose gel for Southern blotting, which used a full- length 
HBoV1 genome as the probe. DpnI- digested band was probed as a loading 
control. dRF, mRF, and ssDNA represent dimer, monomer replicative form 
DNA, and single- stranded DNA, respectively. HBoV1 duplex DNA excised from 
pIHBoV1 was used as a size marker (lane 1, marker, ~5.5 kb). (C) Quantification 
of mRF DNA. The intensity of mRF DNA bands was quantified using ImageQuant 
Tl software. The shown values are the relative fold reduction of the mRF (mean 
± SD, obtained from three blots), normalized to the replication of pIHBoV1 
in mock- transduced cells, which is arbitrarily set to 1. The shown data were 
analyzed by Student’s t test (n.s., not significant; ***P < 0.001).
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These data generated from our colocalization experiments 
proved our hypothesis that the m6A methylation of BocaSR 
likely recruits the Pol η and Pol κ to the viral DNA replication 
centers where BocaSR localizes (10).

BocaSR Interacts with the REH of the HBoV1 Genome. As a base- 
pairing between EBER2 and nascent transcripts from the TRs 
of the EBV genome recruits the EBER2–PAX5 complex during 
viral lytic replication (17), we aligned the BocaSR sequence to 
the positive strands of HBoV1 LEH and REH, respectively, by 
using ClustalW (51). The alignments showed that BocaSR shares 
42.67% identity in sequence with the LEH and 33.66% with the 
REH. To test a direct interaction between BocaSR and HBoV1 
LEH or REH, we performed biolayer interferometry (BLI) 
assays. In this test, we synthesized oligonucleotides (oligos) based 
on the likely complementary regions between the LEH/REH 
and BocaSR (SI Appendix, Fig. S9), for an interaction with the 
biotin- dUTP labeled in vitro transcribed BocaSR or BocaSRM4. 
The function of the in vitro transcribed BocaSR was validated 
with Southern blotting, which restored the loss of BocaSR in 
HBoV1 DNA replication (SI Appendix, Fig. S10, lanes 3 vs. 2). 
The data showed that BocaSR exhibited a binding parameter (an 
equilibrium dissociation constant [KD]) of 1.2 nM with REH- 1 
oligo, and BocaSRM4 interacted with REH- 1 at a KD of 1.3 nM 
(SI Appendix, Fig. S11 A, C, and E). Both BocaSR and BocaSRM4 

showed negligible binding kinetics with other oligos (motifs) 
derived from the LEH or REH (SI Appendix, Fig. S11 B and D). 
Notably, the REH- 1 oligo largely covers the minimal viral Ori at 
the REH (SI Appendix, Fig. S9B) (6). As the data showed REH- 1 
potentially interacted with the region of nt 21 to 53 of BocaSR 
which spans loops I and IV (Fig.  1E), we tested oligos REH- 
1a and REH- 1b for an interaction with BocaSR potentially at 
regions of nt 21 to 39 and nt 40 to 53, respectively (SI Appendix, 
Fig. S9B). The data showed that REH- 1a oligo remained a high 
affinity binding with BocaSR at a KD of 26.7 nM, but not the 
REH- 1b oligo (Fig. 8 A–C).

Thus, the in vitro binding kinetics demonstrated a strong 
interaction between BocaSR and the Ori at the REH of HBoV1, 
indicating that BocaSR may bind to the unwound ssDNA at the 
Ori of the REH during HBoV1 DNA replication

Discussion

In this report, we revealed a mechanism underlying the require-
ment of a viral sncRNA in viral DNA replication. BocaSR is 
highly m6A- methylated and plays a crucial role in virus replica-
tion. Associated with the m6A processing complex, BocaSR 
interacts with the viral Ori and recruits the Y- family DNA repair 
DNA Pol η and Pol κ to the HBoV1 RIC (11) to facilitate viral 
DNA replication (Fig. 8D).

Fig. 4.   Depletion of m6A modification of BocaSR diminishes HBoV1 DNA replication significantly. The potential m6A modification sites of the BocaSR gene in pIHBoV1 
were mutated (A to G). Mutants: pIHBoV1m6AM1(site: 18, in BocaSR), pIHBoV1m6AM2 (sites: 18, 67, and 102), pIHBoV1m6AM3 (sites: 18, 39, 67, 70, 102, 111, and 122), 
pIHBoV1m6AM4 (sites: 18, 39, 67, 70, 92, 102, 111, and 122), and pIHBoV1m6AM5 (site: 92). pIHBoV1Ctrl and pIHBoV1ΔBocaSR served as positive and negative controls, 
respectively. The indicated plasmids were transfected to HEK293 cells. (A) Southern blotting. At 2 dpt, Hirt DNA of the transfected cells was extracted, DpnI- digested, 
and subjected to Southern blotting. (B) Quantification of mRF DNA. The intensity of mRF bands was quantified by ImageQuant TL. The shown values are the relative 
fold reduction of the mRF (mean ± SD, obtained from three blots), normalized to the replication of pIHBoV1, which is arbitrarily set to 1. All the experiments were 
performed in triplicate, and the statistical analysis was carried out using Student’s t test (n.s., not significant; n.d., not detectable; ****P < 0.0001).

http://www.pnas.org/lookup/doi/10.1073/pnas.2320782121#supplementary-materials
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BocaSR, a viral sncRNA, is essential for DNA replication of 
HBoV1 in both dividing HEK293 cells and nondividing cells of 
HAE- ALI (10). We previously determined the nucleotide 
sequence and predicted the structure of BocaSR in silico and 
showed there was a high similarity to Ad VA RNAI (~160 nt) 
(10, 52). Interestingly, mutations of single or dual nucleotides 
within BocaSR drastically decreased the ability of BocaSR in 
facilitating HBoV1 DNA replication (10), indicating the impor-
tance of determining the secondary structure of BocaSR in vivo. 
Herein, we determined and validated the in vivo secondary struc-
ture of BocaSR by using a chemical probing strategy, MaPseq 
(33), which we previously used to elucidate the structure of the 
3′ UTR of SARS- CoV- 2 genome in infected cells (34). The stem 
regions of BocaSR share a high similarity in sequence with VA 
RNAs (13). These sequences are highly conserved, particularly 
in the A- box and B- box, which serve as the key elements of the 

type II intragenic RNA Pol III promoter. Nevertheless, the pre-
viously predicated loops still fall largely in the current verified 
loops. Mutations in the loop regions of the predicted structure 
diminish the effectiveness of BocaSR in viral DNA replication 
(10), suggesting the importance of the loops for the functions of 
BocaSR in virus replication.

m6A is the most abundant internal modification in RNA tran-
scribed by RNA Pol I [ribosome (r)RNA], RNA Pol II (mRNA 
and ncRNA), and RNA Pol III [small nuclear (sn)RNA], con-
tributing to the metabolism of RNA, including viral RNA and 
mRNA (24, 28, 53, 54). RNA Pol III–transcribed ncRNAs (28), 
U6 snRNA (55) and 7SK snRNA (27), are m6A- methylated by 
METTL16 and METTL3, respectively. Eight m6A- modified 
sites on 7SK snRNA have been revealed, which facilitates the 
sequestration of positive transcription elongation factor b 
(p- TEFb) complex for mRNA transcription elongation (27). To 

Fig. 5.   BocaSR m6A modification decreases HBoV1 replication in HAE- ALI and abrogates the infection- caused epithelial barrier dysfunction. (A) Quantification of 
virus production. WT HBoV1, control (Ctrl; HBoV1Ctrl, HBoV1m6ACtrl1, and HBoV1m6ACtrl2), and BocaSR m6A depleted- HBoV1 mutants (M1 to M5) were produced 
by transfection of HEK293 cells. At 72 hpt, the cells were harvested for virus preparation in 500 µL. The titers (DRP/µL) of the indicated viruses were detected by 
qPCR. Data shown are means ± SD from three different preparations. (B–E) Infection of HBoV1 in primary HAE- ALI. Primary HAE- ALI cultures were infected with 
WT HBoV1, and its mutants as indicated at an MOI of 100. (B) Apical virus release. Virus released in the apical chamber of the HAE- ALI cultures were collected 
over the course of 16 d. At the indicated dpi, the apical virus releases were collected in 100 µL of PBS and quantified by qPCR. Values shown represent means 
± SD of the virus collected from three infected HAE- ALI cultures. (C) TEER measurement. At the indicated dpi, the TEER of mock and HBoV1- infected HAE- ALI 
cultures was measured and is shown in mean ± SD of three inserts. (D and E) Immunofluorescent analysis. At 16 dpi, the ALI membrane of the infected HAE- ALI 
was stained and visualized for ZO- 1 (green, D) and β- tubulin IV (red, E) expression under a confocal microscope at a magnification of ×40. (Scale bar, 10 µm.)
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date, limited modifications have been reported in viral ncRNAs. 
Although EBER1 is m5C- modified, no biological functional 
changes were observed during viral lytic replication (26). BocaSR 
and EBERs share similarities not only in sequence (~46%) but 
also in nuclear localization (10). They are both highly structured 
RNA Pol III–transcribed sncRNAs, and abundantly expressed 
in the nucleus of infected cells (10, 12). Instead of m5C, we 
found m6A methylation in eight positions of BocaSR. 
Interestingly, instead of the dependence on a specific m6A pro-
cessing protein, knockdown of all the tested Writers and Readers 
of m6A resulted in various reduction of HBoV1 replication, 
indicating that there are redundant mechanisms underlying 
BocaSR m6A modification. This may also suggest that these m6A 
processing proteins have other functions, e.g., pre- mRNA pro-
cessing, RNA stability of transcription, during HBoV1 replica-
tion. Nevertheless, mutating a single m6A- modified site resulted 
in a moderate decrease in viral DNA replication, however, the 
combined mutations of all eight m6A- modified sites nearly abol-
ished viral DNA replication in both HEK293 cells (by transfec-
tion of an infectious clone) and HAE- ALI (by virus infection). 
Importantly, we determined the half- life of BocaSR (7.62 ± 0.32 
h) and BocaSRM4 (7.67 ± 0.30 h) (SI Appendix, Fig. S12), con-
firming these combined mutations did not alter the stability of 
BocaSR. Thus, we have demonstrated the critical role of m6A 

modification of a viral RNA Pol III transcript in facilitation of 
viral DNA replication.

The molecular functions of METTL3- mediated m6A meth-
ylation are highly diverse, including but not limited to tran-
scription regulation, splicing, polyadenylation, translation, and 
DNA repair (28, 48). It has been reported that m6A modifica-
tion regulates the UV- induced DDR by recruiting DNA Pol κ 
to the DNA damage foci to facilitate DNA repair through inter-
action with the m6A–RNA–METTL3 complex (29). Notably, 
the HBoV1 genome possesses heterogeneous termini both at 
the 5’ and 3’ ends (LEH and REH), resembling a DNA mole-
cule with characteristics similar to an ssDNA break that is rec-
ognized and repaired by the high- fidelity Y- family DNA 
polymerases Pol η and Pol κ through a DNA repair mechanism 
(30, 31). Our studies revealed the colocalization of METTL3, 
m6A- modified BocaSR, and Pol η or Pol κ, and more impor-
tantly, the complex of METTL3 and m6A- modified BocaSR 
and the colocalization of BocaSR with Pol η and Pol κ in cells 
of HBoV1- infected HAE- ALI and HEK293 cells expressing 
BocaSR only (Fig. 7 C and D). These lines of evidence suggest 
a possibility that the m6A- modified BocaSR is complexed with 
METTL3 and then actively recruits Pol η and Pol κ to the 
HBoV1 Ori (Fig. 8D), which is essential for HBoV1 DNA 
replication.

Fig. 6.   METTL3 colocalizes with BocaSR and plays a crucial role in HBoV1 replication in HAE- ALI. (A and B) Colocalization of BocaSR and METTL3 in HBoV1- infected 
HAE- ALI. (A) Costaining of BocaSR and METTL3 for colocalization. Primary HAE- ALI cultures were infected with HBoV1 (MOI = 100 DRP/cell) or mock- infected. At 
16 dpi, cells were digested off the insert of HAE- ALI and cytospun onto slide for staining of BocaSR by FISH (green) and METTL3 (red). (B) PLA for colocalization. 
The PLA was performed using a rabbit anti- METTL3 and a mouse anti- biotin antibody. The amplified signals (green) were visualized under a confocal microscope. 
The nucleus was stained by DAPI (blue). Mock- infected primary HAE- ALI served as a control. (Scale bar, 10 µm.) (C–E) HBoV1 infection in METTL3 knockout (KO) 
HAE- ALI. (C) Western blotting. CuFi, CuFiSsgRNA (served as control), CuFiMETTL3KO, CuFiMETTL3KO+mCherry (served as a control), and CuFiMETTL3KO+optMETTL3 were detected for 
METTL3 expression using western blotting. β- actin serves as a loading control. (D) Apical virus release. HAE- ALISsgRNA, HAE- ALIMETTL3KO, HAE- ALIMETTL3KO+optMETTL3, and 
HAE- ALIMETTL3+mCherry were infected with WT HBoV1 virus. Apical released virions were collected at 2- d intervals and quantified with qPCR. (E) TEER measurements. 
The TEER of the infected HAE- ALI cultures was measured over the course of infection. Data shown are means ± SD from three infected cultures.

http://www.pnas.org/lookup/doi/10.1073/pnas.2320782121#supplementary-materials
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METTL3- mediated m6A methylation occurs on mRNA and 
other RNA Pol II transcripts that form R- loops, the structures 
composed of an RNA- DNA hybrid and a complementary ssDNA 
(28, 56). These R- loop structures are involved in DNA repair and 
transcriptional regulation (57). The high affinity interaction of the 
loop region (loops I and IV, Fig. 1E) of BocaSR with the viral DNA 
replication region of the HBoV1 REH (6), which is also in a form 
of RNA- DNA hybrid (Fig. 8D), highlights the importance of the 
accumulation of BocaSR to the viral Ori mediated by m6A meth-
ylation. During parvoviral DNA replication, the viral Ori is 
unwound by the large nonstructural protein NS1 and cellular hel-
icases (58). This function presents the viral Ori as an ssDNA form 
and likely confers an RNA- DNA interaction between BocaSR and 
the viral ssDNA (Fig. 8D). However, EBER2 enhances EBV lytic 
replication through an RNA–RNA interaction. EBER2 binds to 
the nascent RNA transcripts from the TRs of the EBV genome, 
which brings the EBER2- bound PAX5 in proximity of the TRs 
(17). Apparently, viral sncRNA exhibits their functions through 
various interactions to DNA, RNA, or proteins. The ribonucleop-
rotein (RNP) of sncRNA, i.e., 7SK snRNP, is dynamic and that 
the RNA structure and protein interactions change in response to 
cellular conditions to control the activity (59, 60). It is likely that 
the secondary structure of viral sncRNA is dynamic in response to 

various interacting partners during virus replication, which warrants 
further investigation.

EBERs and VA RNAs interact with host proteins for their trans-
port and processing, while also regulating the syntheses of both 
host and viral proteins (12). It has been reported that RNA mod-
ifications and structures cooperate to guide RNA–protein inter-
actions (41). BocaSR, VA RNAs, EBERs, and cellular tRNA are 
all transcribed by an RNA Pol III promoter and shared similar 
secondary structures (10, 12). The diverse functions of BocaSR 
in viral protein expression suggest that in addition to its functional 
role in viral DNA replication that requires m6A modification, it 
may interact with host proteins, potentially by regulating viral 
RNA transcription and translation (10). Certainly, further inves-
tigation is needed to fully understand the distinct functions of 
BocaSR in HBoV1 replication.

In conclusion, we demonstrated the unique function of the 
m6A modification of BocaSR, an RNA Pol III–transcribed 
sncRNA, in parvoviral DNA replication. This process resembles 
DNA repair processing using the high- fidelity Y- family DNA 
Pol η and Pol κ. Thus, our niche viral DNA replication systems 
in both dividing (30) and nondividing (31) cells provide a 
simple model that can be used to study DNA repair and m6A 
modification.

Fig. 7.   m6A- modified BocaSR colocalizes with DNA Pol η and Pol κ in HBoV1- infected primary HAE- ALI as well as in BocaSR- only- transfected HEK293 cells. (A–D) 
Costaining of BocaSR/BocaSRm4 with Pol η and Pol κ. (A and B) WT HBoV1- / HBoV1M4- infected primary HAE- ALI cultures. Primary HAE- ALI was infected with WT 
HBoV1 or HBoV1M4 at an MOI of 100. At 16 dpi, the cells were detached from the inserts and cytospun onto slide for costaining of BocaSR and Pol η (A) or Pol 
κ (B). (C and D) BocaSR- /BocaSRM4- expressing HEK293 cells. p3Z- BocaSR and p3Z- BocaSRM4 were transfected into HEK293 cells, respectively. At 3 dpt, the cells 
were collected and cytospun onto slides for costaining of BocaSR and Pol η (C) or Pol κ (D). BocaSR was detected by a FISH assay using biotin- labeled probes. 
Pol η (A and C) or Pol κ (B and D) was stained with a specific antibody, followed by staining with respective secondary antibodies. (E and F) PLA in HBoV1- infected 
primary HAE- ALI. The PLA was performed using rabbit anti- Pol η/Pol κ and a mouse anti- biotin antibody. The amplified signals were visualized under a confocal 
microscope. The nucleus was stained with DAPI. Mock primary HAE- ALI and HEK293 cells served as a negative control. (Scale bar, 10 µm.)
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Materials and Methods

Cell Lines and HAE- ALI Cultures. HEK293 cells (#CRL- 1573, American Type 
Culture Collection [ATCC], Manassas, VA) and HEK293T cells (#CRL- 11268, ATCC) 
were purchased from ATCC. Polarized primary HAE- ALI cultures were prepared 
by the Tissue and Cell Culture Core of the Center for Gene Therapy, University of 
Iowa. HAE- ALI cultures were also generated from the immortalized airway epi-
thelial cell line CuFi- 8 and METTL3 gene knockout CuFi- 8 cells. Details for all cell 
lines and cultures and differentiation procedures can be found in SI Appendix.

Plasmid Constructs, Transfection, Lentivirus Production, and Transduc
tion. Information of plasmid construction and antisense oligonucleotides (ASO) 
and methods of plasmid and ASO transfections, lentivirus production, and trans-
duction can be found in SI Appendix.

HBoV1 Production, Infection, and Quantification. pIHBoV1 or its mutants were 
transfected into HEK293 cells on 150- mm plates for virus production. Methods of 
virus production, infection, and quantification can be found in SI Appendix.

Determination of In Vivo Secondary Structures of BocaSR. HBoV1- infected 
HAE- ALI cells were used for in- cell DMS treatment. All samples were prepared 
in duplicates. Reverse transcription of DMS- treated and untreated RNA samples 
was conducted. Libraries were constructed and sequenced. Detailed methods 
can be found in SI Appendix.

Methylated RNA Immunoprecipitation (MeRIP) and MeRIP- qPCR. MeRIP 
was carried out using anti- m6A/m5C/m7G/o8G/Ψ antibodies, respectively. 
Immunoprecipitated BocaSR was quantified by RT- qPCR. Detailed methods 
can be found in SI Appendix.

Immunofluorescence Assay (IF), RNA FISH assay, and PLA. HEK293 cells 
or HAE cells disassociated from HAE- ALI cultures using Accutase were washed 
twice with PBS, cytospun onto slides, and fixed. IF, FISH, and PLA were carried 
out as described in SI Appendix. Nuclei were stained with DAPI. Confocal images 
were visualized under a Leica TCS SP8 STED 3× super- resolution microscope.

The RNA Immunoprecipitation (RIP) Assay. Cells were cross- linked in PBS 
with 1.0% formaldehyde for RIP assay. Details can be found in SI Appendix.

In Vitro Transcription of BocaSR and Transfection. BocaSR was in vitro 
transcribed by using an invitro RNA transcription Kit with complementation 
of Biotin- dUTP. The template was amplified by PCR detailed in SI Appendix. 
Lipofectamine 3000 (ThermoFisher) was used for transfection.

Biolayer Interferometry (BLI) Assay. A series of oligoes based on the sequences 
of HBoV1 LEH and REH were synthesized by IDT (SI Appendix, Table S3) and used 
for interaction with BocaSR in the BLI assay. The BLI kinetics analysis was performed 
on Octet Red96e (Sartorius, Bohemia, NY), with details provided in SI Appendix.

Western Blotting and Southern Blotting. Signals of western blots were vis-
ualized with an Odyssey imaging system (LI- COR, Lincoln, NE), and signals of 
Southern blots were visualized on the Amersham Typhoon Biomolecular Imager. 
Details were provided in SI Appendix.

Statistics Analysis. Statistical analysis was performed with GraphPad Prism 
(version 9.5, GraphPad software, Boston, MA). Data are representative of triplet 
experiments and shown as mean ± SD. Statistical significance P values were 
determined by using Student’s t test. ****P < 0.0001, ***P < 0.001, **P < 0.01, 
and *P < 0.05 were regarded as statistically significant, and n.s. was regarded 
as statistically insignificant.

Fig. 8.   BocaSR interacts with the unwound viral Ori of the REH, which likely recruits DNA Pol η and Pol κ to the HBoV1 replication initiation complex (RIC). (A and 
B) Kinetics of the in vitro interaction of oligos REH- 1a/b with BocaSR. Oligos REH- 1a and REH- 1b are located within HBoV1 REH1 (SI Appendix, Fig. S9B), and their 
sequences are listed in SI Appendix, Table S3. Biotin- dUTP labeled BocaSR was mounted on streptavidin biosensors. The binding kinetics depicts the associations 
and dissociations of 80 pM BocaSR with oligoes REH- 1a and REH- 1b at indicated concentrations. (C) The binding parameters of BocaSR with REH- 1a oligo. 
Equilibrium dissociation constant KD value represents the ratio of dissociation [Kd (1/s)] and association [Ka (1/Ms)] computed from the real- time binding curves 
of BocaSR with REH- 1a oligo. Data shown were generated from at least three repeated experiments. (D) A proposed model of BocaSR m6A- regulated HBoV1 DNA 
replication. The schematic model of the HBoV1 RIC was modified based on our previous publication (11). BocaSR is m6A- modified by the m6A- methyltransferase, 
which is complexed with the m6A processing proteins. BocaSR potentially interacts with the negative strand of the HBoV1 genome located in the Ori at the 
REH. The double- stranded DNA Ori is recognized by the viral large nonstructural protein NS1 and unwound through its helicase activity. Subsequentially, the 
BocaSR–m6A–METTL3 complex, which may be involved with other m6A processing proteins, then recruits Y- family DNA Pol η and Pol κ to the Ori, where cellular 
DNA damage/repair proteins, KU complex and replication protein A (RPA), and viral NP1 are localized, assembling RIC for viral DNA replication (11). Question 
markers indicate potential interactions among m6A modified BocaSR and HBoV1 Ori. The schematic model was created with BioRender.com.
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